Abstract. The primary screwworm¯y Cochliomyia hominivorax (Coquerel) (Diptera: Calliphoridae) is one of the most important insect pests of livestock in neotropical regions, whereas Cochliomyia macellaria (Fabricius) (Diptera: Calliphoridae), the secondary screwworm, is of medical and sanitary importance because of its role in the dissemination of pathogens. These two species share morphological similarities and both may occur in the same myiasis, but in different developmental stages. In this work, the usefulness of PCR-RFLP (polymerase chain reaction ± restriction fragment length polymorphism) of mitochondrial DNA (mtDNA) for the unambiguous identi®cation of C. hominivorax and C. macellaria was investigated. Two speci®c regions of mtDNA were ampli®ed: 870 bp from Cytochrome oxidase subunit I and 2100 bp from the A + T rich/12S region from C. hominivorax and C. macellaria specimens from different areas of Brazil. Reliable species-speci®c PCR-RFLP results were obtained for the CO I region and the A + T rich/12S region using the restriction enzymes Dra I and Ssp I. These results con®rm the conservation of CO I diagnostic restriction sites previously reported and demonstrate the usefulness of the control region sequences as an ef®cient marker for PCR-RFLP identi®cation of Brazilian screwworm¯ies. The occurrences of intraspeci®c polymorphic patterns are discussed based on frequencies and potential con¯icts for species identi®cation. PCR-RFLP provides a potentially useful method for identifying samples from the areas where these species are monitored.
Introduction
The primary screwworm¯y, Cochliomyia hominivorax (Coquerel), is one of the most important insect pests of livestock in neotropical regions. The larvae of this species infest open wounds in humans and warm-blooded vertebrates, causing severe myiasis and substantial pro®t losses for cattle breeders. The distribution of this species initially ranged from the southern United States to northern Argentina, with the highest abundance in neotropical regions (Guimara Äes et al., 1983) .
Cochliomyia hominivorax is morphologically similar to the secondary screwworm, Cochliomyia macellaria (Fabricius), a blow¯y that feeds primarily on carrion. Cochliomyia macellaria is a secondary agent of myiases and a purely saprophagous species. The adults are attracted to a wide variety of substrates for food and reproduction, including urban garbage, human and livestock faeces, carcasses and wounds, whether or not already infested with dipteran larvae (Hall, 1948; Zumpt, 1965; Paraluppi, 1992) . Because of its synanthropic behaviour, C. macellaria has been reported to be a mechanical vector of human and animal diseases. This species is very common in neotropical America, ranging from southern Canada to northern Argentina (Ferreira, 1983; Baumgartner & Greenberg, 1985; Dear, 1985) .
The geographical overlap between C. macellaria and C. hominivorax, the morphological similarity, especially between earlier developmental stages, the coexistence of both species in the same infested wound and the potential losses that C. hominivorax represents for cattle breeders, means that it is important to investigate reliable new methods for the characterization of these two species (Pomonis, 1989; Taylor & Peterson, 1994) . Molecular markers have been used in the investigation of screwworm population genetics (Roehrdanz, 1989; Infante & Azeredo-Espin, 1995; Valle & Azeredo-Espin, 1995; Infante-Malachias et al., 1999; Infante-Malachias, 1999) . Mitochondrial DNA provides a suitable marker for studies on genetic variability and molecular characterization. Given its simple and uniform organization, the absence of recombination, maternal inheritance and the high rate of nucleotide sequence evolution, mtDNA is a useful marker for studying molecular evolution and making phylogenetic inferences (Simon et al., 1994) .
PCR-RFLP analysis of molecular markers in closely related species has been used to elucidate ambiguous taxonomic status and to identify taxa of importance to forensic science and pest control. The insect groups studied include Diptera (Sperling et al., 1994; Wells & Sperling, 1999) , Coleoptera (Tuda et al., 1995; Hidayat et al., 1996; Szalanski & Powers, 1996) , Hymenoptera (Taylor et al., 1997) and Lepidoptera (Sperling & Hickey, 1995; Roehrdanz, 1997) . Diagnostic PCR-RFLP patterns were previously demonstrated for screwworm species based on the analysis of speci®c mtDNA regions (Taylor et al., 1996) , supporting the potential of this approach for taxonomic identi®cation.
RFLP analysis of the mtDNA of both screwworm species has allowed the characterization of population structure and the levels of genetic variability of each species. Roehrdanz & Johnson (1988) and Roehrdanz (1989) analysed screwworm populations from the United States, Mexico, Jamaica, Guatemala and Costa Rica, and suggested an evolutionary scenario with reduced gene¯ow, based on the frequency of unique mitochondrial haplotypes. Taylor et al. (1991) applied RFLP markers to analyse the introduction of C. hominivorax in Libya in an attempt to identify the origin of the infestation.
In Brazil, Azeredo-Espin (1993) and Infante & AzeredoEspin (1995) detected signi®cant genetic heterogeneity in C. hominivorax on mtDNA RFLP studies. However, the mitochondrial haplotype identi®ed in the Libyan infestation was not shared by any of the Brazilian populations analysed. Beesley (1991) suggested that the infestation originated from Uruguay (South America). These analyses indicated that the genetic structure of C. hominivorax in American mainland regions was similar and suggested that populations were interconnected but had reduced gene¯ow.
Based on RFLP of mtDNA, Valle & Azeredo-Espin (1995) and Valle (1997) concluded that Brazilian populations of C. macellaria showed genetic discontinuity with spatial separation, a situation similar with the data reported for C. hominivorax, but with less intraspeci®c variability.
In the work reported here, PCR-RFLP of speci®c mtDNA regions is used to address two main questions. The CO I marker is analysed to corroborate previous results (Taylor et al., 1996) , while also including the characterization of widely distributed Brazilian populations of screwworm¯ies. The usefulness of the mtDNA control region (A + T rich) as an ef®cient marker for distinguishing C. hominivorax and C. macellaria samples is also investigated.
Materials and Methods

Fly strain
Seventy-seven C. hominivorax samples from different Brazilian localities were analysed: 15 from Alfenas, Minas Gerais State (MG); 15 from Caraguatatuba, Sa Äo Paulo State (SP); 15 from Manaus, Amazonas State (AM); 15 from Pocone Â, Mato Grosso State (MT) and 15 from Valinhos, SP. Additionally, two C. hominivorax individuals from Uruguay were included in the analysis. Seventy-three C. macellaria samples were analysed: 15 from Campinas, SP; 15 from Caraguatatuba, SP; 15 from Manaus, AM; 13 from Porto Urucu, AM and 15 from Rio de Janeiro, Rio de Janeiro State (RJ). Six individuals of C. macellaria from Porto Urucu were selected to represent the six mtDNA haplotypes previously described for this locality (Valle, 1997) . This selection provided information from a population with signi®cant genetic variability and allowed validation of the screening for diagnostic enzymes. A total of 150 individual¯ies were analysed in this work.
DNA extraction
Cochliomyia hominivorax and C. macellaria samples were derived from previous DNA extractions used in RFLP analysis (Infante & Azeredo-Espin, 1995; Valle & Azeredo-Espin, 1995) . The samples were stored at ± 20°C.
PCR ampli®cation
Two speci®c mtDNA regions were ampli®ed: 870 bp of cytochrome oxidase I (CO I) and 2100 bp including the complete control region and partial rRNA 12S sequences (A + T rich/12S). The UBC-insect mitochondrial DNA oligonucleotide set, described by Simon et al. (1994) , was used for CO I ampli®cation using the primers C1 ± J ± 2195 and L2 ± N ± 3014; and for A + T rich/12S ampli®cation, the primers TM ± N ± 193 and SR ± J ± 14233 were used.
Standard PCR conditions were used in the ampli®cation reactions, which contained 10Q PCR buffer (Gibco-BRL, Rockville, MD), 0.2 mM of dNTPs, 1.5 mM MgCl 2 , 0.5 mM of UBC primers, 1.25 units of Taq DNA polymerase (Gibco-BRL), and 1.0 mL of extracted DNA in a ®nal reaction volume of 25 mL. Temperature cycling was done in a Perkin-Elmer (Norwalk, CT) thermal cycler set for an initial denaturing cycle of 3 min at 94°C followed by 35 cycles of 1 min at 94°C, annealing for 1 min at 42±56°C, and a 2-min extension at 72°C. The ®nal cycle was identical except for a 7-min extension step at 72°C. The A + T rich/12S region was ampli®ed as described by . A lower extension temperature (60°C) was used because of the high A + T composition of this region (Lessinger & AzeredoEspin, 2000; .
Restriction enzymes
The PCR products of CO I were digested with nine restriction endonucleases: BamH I, Cla I, Dde I, Dra I, EcoR I, Hae III, Pvu II, Ssp I and Taq I. These enzymes were selected based on previous RFLP analysis and PCR-RFLP results for C. macellaria and C. hominivorax (Infante & Azeredo-Espin, 1995; Valle & Azeredo-Espin, 1995; Taylor et al., 1996; Valle, 1997) . Enzymes yielding intraspeci®c polymorphism in these previous population genetics studies were avoided.
The A + T rich/12 S sequences available for Cochliomyia species were analysed using the WebCutter 2.0 software (Heiman, 1997) . Thirty-three enzymes were screened using the default parameters. The enzymes yielding diagnostic patterns for species-speci®c identi®cation were used to provide experimental con®rmation of the predicted restriction sites and to test the con®dence of the diagnostic results for all of the samples analysed.
Digestions were done as speci®ed by the enzyme suppliers (Gibco-BRL and Pharmacia, Peapack, NJ). The digested fragments were separated by electrophoresis in 2.0% agarose gels, stained with ethidium bromide (EtBr) and photographed on Polaroid ®lm. fX174 digested with Hae III and a 1-kb LADDER (Gibco-BRL) were used as molecular size markers.
Selection criteria
Two DNA samples of each species were ampli®ed and digested to provide initial screening information on the restriction sites present in the mtDNA regions analysed and on their usefulness for species-speci®c identi®cation. Enzymes showing at least one restriction site were used in the ®nal analysis with the complete sample set. Enzymes producing distinct restriction patterns for each species were considered diagnostic.
Results and discussion
The diagnostic restriction enzymes and respective mtDNA regions are shown in Table 1 . A few inconsistencies were related to the sizes of the originally ampli®ed PCR products and to the total size recovered from the sum of the digested fragments; these ®ndings may re¯ect the occurrence of an unknown number of small fragments which were unresolved in the agarose gels.
Analysis of predicted restriction sites in the A + T rich/12 S region revealed four enzymes (Dra I, Mse I, Ssp I and Vsp I) with restriction sites for C. macellaria and ®ve (Dra I, EcoR V, Mse I, Ssp I and Vsp I) for C. hominivorax. The enzymes Vsp I and Msp I provided too many restriction fragments of short sizes, resulting in inaccurate species identi®cation. These enzymes were therefore removed from the ®nal analysis.
The enzymes listed in Table 1 were potential diagnostic markers; however, the occurrence for polymorphic patterns in some populations may represent identi®cation con¯icts. Pattern B of the C. hominivorax CO I/Dde I restriction analysis was similar to the C. macellaria pattern for the same analysis ( Fig. 1) and restricted the use of Dde I for the unambiguous identi®cation of these species. The CO I/Dde I restriction pattern B was ®xed and was exclusive of C. hominivorax samples from Valinhos (S. P.) ( Table 2 ). The C. macellaria samples from Porto Urucu (AM), representing six distinct mtDNA haplotypes (Valle, 1997) , yielded a different restriction pattern for only one individual when EcoR V were used to digest the A + T rich/12S region (Table 2 ). This pattern differed by one EcoR V restriction site and may be a useful marker for future population genetic studies. The polymorphic patterns described above were associated with the variable domain of the control region . We suggest that the enzyme EcoR V should be avoided in identi®cation analysis because its alternative restriction pattern in C. macellaria mtDNA produced ambiguous results (Fig. 2) . The low frequency of polymorphisms was expected because enzymes yielding polymorphic patterns in previous RFLP studies were avoided as an initial criterion. However, the occurrence of polymorphism in a particular species would not always represent an identi®cation con¯ict: the polymorphic patterns for Dra I restriction analysis of C. hominivorax A + T rich/12S region provide an ef®cient identi®cation of screwworm species (Fig. 2 and Table 2) . Taylor et al. (1996) analysed Cochliomyia species by PCR-RFLP and identi®ed the enzymes Dra I and Ssp I as diagnostic markers for a 348-bp CO I sequence. This region was previously reported as an informative marker for blow¯y identi®cation (Sperling et al., 1994) and is included in the larger 870 bp CO I region analysed in this work. Previous PCR-RFLP analysis included limited Brazilian samples and requires more extensive characterization of this marker to validate its usefulness for Brazilian screwworm populations. Combining the restriction analysis of CO I and A + T rich/12S regions with the enzymes Dra I and Ssp I, we were able to correctly recognize the species C. hominivorax and C. macellaria. The characterization of additional diagnostic markers (such as the mtDNA control region) and the analysis of geographically separated Brazilian populations provide a basis for the ef®cient identi®cation of screwworm species, their distribution and possible origin (Infante-Malachias, 1999) .
For practical purposes, individual or combined PCR-RFLP tests could be applied for screwworm identi®cation regarding the relative costs for screening samples. The analysis of an unidenti®ed sample by the ampli®cation of a single mtDNA region (COI or A + T/12S) followed by restriction analysis (Dra I or Ssp I) could provide accurate identi®cation of screwworm species requiring no further procedures; indeed, morphological and ecological aspects could contribute as additional evidences.
The operational sensitivity of PCR-RFLP tests could be demonstrated based on the consistent reproducibility of the results (based on approximately 1000 digestions with less than 2% revisal) and enzymes relative costs (Taq DNA polymerase and restriction endonucleases). Target ampli®cation plus Dra I digestion would be less than US$ 1 per sample, while increased con®dence levels on species identity by combined PCR-RFLP tests may costs less than US$ 3 per sample. In addition to relative low costs, this analysis provides a convenient strategy for screwworm identi®cation, as it uses universal primers applied in general insect molecular research and requires basic molecular biology devices.
The results described here demonstrate that PCR-RFLP of mtDNA provides a simple and reliable method for identifying C. hominivorax and C. macellaria samples and for monitoring the expansion and control of these species. This technique may also be useful to study intraspeci®c genetic variability and could help in determining the origin of C. hominivorax samples in (re)colonizations or invasions. Additional population studies may contribute to evaluation of the extent to which of the diagnostic restriction patterns are conserved. However, this work con®rms the potential usefulness of these markers for studying Brazilian screwworm populations.
